Pneumocystis carinii is an opportunistic fungal pathogen that causes life-threatening pneumonia in immunocompromised individuals. Infants appear to be particularly susceptible to Pneumocystis pulmonary infections. We have previously demonstrated that there is approximately a 3-week delay in the clearance of Pneumocystis organisms from pup mouse lungs compared to that in adults. We have further shown that there is approximately a 1-week delay in alveolar macrophage activation in pups versus adult mice. Alveolar macrophages are the primary effector cells responsible for the killing and clearance of Pneumocystis, suggesting that pup alveolar macrophages may be involved in the delayed clearance of this organism. Alveolar macrophages cultured in vitro with Pneumocystis alone demonstrate little to no activation, as indicated by a lack of cytokine production. However, when cultured with lipopolysaccharide (LPS) or zymosan, cytokine production was markedly increased, suggesting that pup alveolar macrophages are specifically unresponsive to Pneumocystis organisms rather than being intrinsically unable to become activated. Furthermore, pup mice treated with aerosolized, heat-killed Escherichia coli in vivo were able to clear Pneumocystis more efficiently than were control mice. Together, these data suggest that while pup alveolar macrophages are unresponsive to P. carinii f. sp. muris organisms, they are capable of activation by heat-killed E. coli in vivo, as well as LPS and zymosan in vitro.
Pneumocystis carinii f. sp. hominis is an opportunistic fungal pathogen that is found to cause life-threatening pneumonia in immunocompromised individuals. More recently, Pneumocystis colonization and infections have been identified in immunocompetent individuals, particularly in young children (11, (34) (35) (36) . Infants appear to be particularly susceptible to primary Pneumocystis infection, likely because of an immature immune system and a lung environment that protects against damaging inflammation early after birth. In a murine infection model, we have found that the clearance of P. carinii f. sp. muris (hereafter referred to as P. carinii) from the lungs of neonates is delayed compared to that in adults (9, 10, 22) . Furthermore, this delayed clearance is correlated with a delay in the infiltration of the lungs of young mice by inflammatory cells (9, 10, 22) . Pup T cells isolated from draining lymph nodes, however, were able to both produce gamma interferon (IFN-␥) and proliferate in vitro in response to anti-CD3 stimulation. These data suggest that the pup lung innate defenses are less efficient than in the adult lung in response to P. carinii (10, 22) . Alveolar macrophages (AMs) are the first known line of defense against inhaled substances and play a key role in maintaining lung homeostasis (6, 40) . This is achieved primarily through the phagocytosis of foreign materials and the secretion of a wide range of cytokines and chemokines. For P. carinii infection, AMs are the key effector cells involved in the clearance of the organism (15) . Neonates are known to be more susceptible to lung infections, including P. carinii. This may be due in part to a deficiency in the function of AMs. There are several functions that are carried out by AMs that may be deficient in neonates, including phagocytosis, antigen presentation, cytokine production, and chemokine production. The inability of pup AMs to clear P. carinii may be associated with one or a combination of all of these functions.
In the respiratory tract, AMs demonstrate two effective means of responding to pathogens. First, AMs may directly bind, phagocytose, and kill pathogens. Some studies have demonstrated that pup, compared to adult, AMs are deficient in phagocytic ability (16, 26) , whereas other studies have reported that pup and adult AMs are equivalent in the ability to phagocytose microorganisms (5, 28) . A likely explanation for these contradictory findings may be that pup AMs respond differently depending on the nature of the invading pathogen. Certain bacterial pathogens may trigger the phagocytic functions of pup AMs, whereas fungal pathogens like P. carinii are more efficient at evading an AM response. A second AM function is the secretion of a large range of mediators, including cytokines and chemokines, which act to recruit and activate inflammatory cells. These AM functions are influenced by the type of invading pathogen which may interact with different surface receptors. The ␤-glucan receptors commonly interact with cell walls of fungal pathogens, whereas Toll-like receptors (TLRs) interact with bacterial cell wall components. TLR4, for example, has been identified in binding gram-negative bacterial components; TLR2 is more commonly associated with binding gram-positive bacterial components. There has also been evidence to suggest that TLRs are important in the activation of AMs in the presence of fungal pathogens such as P. carinii (2, 23, 24) . The goals of this study were to examine the function of pup AMs in response to P. carinii challenge and determine whether stimulation with exogenous agents can stimulate pup AMs and facilitate clearance of P. carinii. In our research, we found that treatment with exogenous heat-killed Escherichia coli (HKEC) stimulated the activation of resident AMs and promoted the clearance of P. carinii from pup lungs.
MATERIALS AND METHODS
Mice. Five-to 6-week-old BALB/c or B6D2F1/J mice were purchased from the National Cancer Institute (Bethesda, MD) or Jackson Laboratory (Bar Harbor, ME) and bred and maintained at the Veterinary Medical Unit of the Veterans Administration Medical Center under specific-pathogen-free conditions. C.B-17 severe combined immune deficient (SCID) mice were used to maintain a source of P. carinii and were also bred at the Veterans Administration Medical Center Veterinary Medical Unit in microisolator cages containing sterilized food and water. Protocols for the use of mice were approved by the Veterinary Medical Unit Institutional Animal Care and Use Committee. Mice referred to as neonates are 2 to 3 days old, mice referred to as pups are Ն3 and Յ14 days old, neonates and pups are collectively referred to as infant mice, and mice referred to as adults are Ն8 weeks old.
Pneumocystis infection. Lungs were excised from P. carinii-infected SCID mice and pushed through stainless steel mesh in Hanks' balanced salt solution (HBSS). P. carinii organisms were isolated and enumerated by microscopy as previously described (9) . Neonatal (2-to 3-day-old) mice were lightly anesthetized with halothane and inoculated intranasally with 1 ϫ 10 6 P. carinii organisms (approximately 5 ϫ10
5 P. carinii organisms/g body weight). In some experiments, mice were infected with 3,3Ј-dioctadecyloxacarbocyanine perchlorate (DiO)-labeled P. carinii. Live P. carinii organisms were stained with DiO (Invitrogen Molecular Probes, Carlsbad, CA) in accordance with the manufacturer's instructions.
E. coli aerosolization. Lyophilized cells of strain W (9637; American Type Culture Collection) E. coli were purchased from Sigma Chemical Co. One gram of E. coli cells was suspended in 100 ml of water and boiled for 45 min to remove the capsular antigens and expose the O antigens. The cells were cooled, spun at 3,500 ϫ g for 15 min, and resuspended in 80 ml of water. This process was performed a total of three times. After the last spin, the cells were resuspended in 20 ml of sterile, deionized water. This E. coli solution was aliquoted into 1-ml cryotubes under sterile conditions and frozen at Ϫ80°C. To aerosolize the E. coli, a 1-ml aliquot of HKEC was thawed and added to 4 ml of sterile deionized water. This was placed in the reservoir of a T Updraft Nebulizer and aerosolized into a Plexiglas chamber (20 by 20 by 40 cm). P. carinii-infected pups were treated with aerosolized HKEC three times a week beginning at 48 h following P. carinii infection and ending at day 20 postinfection. Control animals were exposed to aerosolized sterile filtered water.
IFN-␥ administration. Murine IFN-␥ (Peprotech, Rocky Hill, NJ) was administered intranasally to pups 24 h following P. carinii infection and readministered every 48 h for the remainder of the experiment. The doses of IFN-␥ were escalated among different groups of mice as follows: phosphate-buffered saline (PBS) only, 16 ng/g, 80 ng/g, and 160 ng/g. PBS was used as the diluent for each dose of IFN-␥ given to each group of mice on their respective dosing day.
Isolation of lung interstitial and alveolar cells. Lung cells were prepared as previously described (22) . Adult and pup lungs were lavaged with five washes (for final volumes of 5 and 1.5 to 3 ml, respectively) of cold HBSS-EDTA (3 mM). Right lung lobes were excised, minced, and enzyme treated at 37°C for 1 h in RPMI 1640 medium containing 3% fetal calf serum, 50 U/ml DNase (SigmaAldrich), and 1 mg/ml collagenase A (Sigma-Aldrich). Digested lung tissues were pushed through mesh screens to obtain a single-cell suspension. Red blood cells (RBCs) were lysed by treatment with a hypotonic buffer, and the cells were then resuspended in HBSS for enumeration and phenotypic analysis by flow cytometry.
Enumeration of Pneumocystis organisms. Aliquots of digested lung tissue were diluted, spun onto glass slides, fixed in methanol, and stained with Diff-Quik (Dade International, Deerfield, IL). P. carinii nuclei were enumerated microscopically as previously described (9) . The number of P. carinii organisms was expressed as log 10 nuclei/right lung lobe. The limit of detection of P. carinii was log 10 3.23 per lung.
Differential cell counts. Aliquots of lung lavage fluid were diluted, spun onto glass slides, fixed in methanol, and stained with Diff-Quik. A minimum of 100 cells per slide were counted, and the percentages of macrophages, monocytes, lymphocytes, and (polymorphonuclear) neutrophils were determined.
Preparation of cells for flow cytometry analysis. Cells isolated from lungs and lung lavage fluid (ϳ1 ϫ 10 6 cells) were used for staining with fluorochromeconjugated antibodies specific for murine CD4, CD8, CD44, CD62L, CD80, CD86, CD11c, CD11b, major histocompatibility complex (MHC) class II, TLR4 (BD Pharmingen), or F4/80 and TLR2 (eBioscience, San Diego, CA) or dectin-1 (Serotec, Oxford, United Kingdom). Multiparameter analysis was performed with a FACScalibur cytofluorimeter (BD Biosciences, San Jose, CA). Greater than 50,000 events were routinely acquired.
AM isolation, culture, and stimulation. Mouse pup (between 10 and 13 days old) and adult lungs were lavaged with HBSS plus 0.3 mM EDTA under sterile conditions. All of the lavage fluid cells from the pups were pooled, as were the lavage fluids from the adults, and each was spun at 1,200 rpm for 10 min. The RBCs were lysed with a hypotonic salt solution, and cells were washed twice with HBSS under sterile conditions. We routinely obtained greater than 95% macrophages, as assessed by morphological examination after staining an aliquot with Diff-Quik. The cells were then resuspended in sterile medium containing RPMI medium plus 5% heat-inactivated fetal calf serum (Atlanta Biologicals, Norcross, GA), penicillin-streptomycin (1%), 2-mercaptoethanol (0.05%), and gentamicin (0.1%) (Gibco [Invitrogen Corp.], Carlsbad, CA). The cells were adjusted to 1 ϫ 10 6 to 2 ϫ 10 6 cells/ml of medium, pipetted into sterile 96-well tissue culture plates in 100-l aliquots, and allowed to rest overnight at 37°C in 5% CO 2 . After the macrophages had adhered to the tissue culture plates, fresh medium was added and the cells were treated with lipopolysaccharide (LPS; 100 ng/ml; Sigma, St. Louis, MO), P. carinii (1:50), zymosan A (250 g/ml; Sigma, St. Louis, MO), combinations thereof, or medium alone and cultured for 48 to 72 h. The medium was removed and frozen at Ϫ80°C for later cytometric bead array (CBA; BD Pharmingen) analysis according to the manufacturer's protocol.
Phagocytosis assay. For phagocytosis experiments, P. carinii organisms were labeled with DiO at a ratio of 5 ϫ 10 6 P. carinii cells to 5 l DiO in 1 ml PBS for 30 min at 37°C prior to inoculating the mice. Seven-day-old BALB/c or SCID mice were treated with aerosolized HKEC on days 4 and 2 prior to infection and once more on the day of infection with DiO-labeled P. carinii. On day 1 postinfection, the mice were lavaged. Cells were processed for flow cytometry as previously described and stained with fluorochrome-conjugated antibodies specific for CD11c and CD11b. Cells that were large in size and granular on the basis of forward and side scatter and were also positive for CD11c were considered to be lung macrophages. Cells that were also DiO positive were assumed to have phagocytosed at least one P. carinii organism. This assay does not account for P. carinii that was bound to the outside of the cell versus P. carinii that was ingested.
Analysis of cytokine levels in BALF by CBA. The quantitation of multiple cytokines in each sample of bronchial alveolar lavage fluid (BALF) or culture supernatant was performed by using CBA kits purchased from Pharmingen. An inflammation CBA kit was used to quantitate murine interleukin-6 (IL-6), IL-10, monocyte chemoattractant protein 1 (MCP-1), IFN-␥, tumor necrosis factor alpha (TNF-␣), and IL-12p70. Assays were performed according to the manufacturer's instructions.
Statistical analysis. Data are expressed as the means Ϯ standard deviations (SD) for three to five mice per group. Differences between experimental groups were determined by using Student's t test or analysis of variance, followed by the Student-Newman-Keuls post-hoc test where appropriate. Differences were considered statistically significant when P was Ͻ0.05. SigmaStat statistical software (SPSS, Inc., Chicago, IL) was used for all analyses.
RESULTS
IFN-␥ administration to neonates did not improve Pneumocystis clearance. We have previously shown that infant mice have a significant delay in mounting an immune response to P. carinii compared to that of adult mice (9, 10) . Delayed clearance is accompanied by a delay in the infiltration of T cells and activation of AMs, as well as delayed cytokine upregulation, including that of IFN-␥ (9, 10, 22) . It has been shown, moreover, that the delivery of IFN-␥ to the lungs of P. cariniiinfected adult SCID mice can stimulate clearance of the organism (14, 31) . We therefore hypothesized that infected pup mice would clear the infection faster when treated with exogenous IFN-␥.
Murine IFN-␥ (16 ng/g) or vehicle (PBS) was administered intranasally to P. carinii-infected pup mice every 48 h begin-ning at 24 h postinfection and continuing throughout the course of the experiment. Mice from each group were killed at days 8, 19 , and 28 postinfection. Whole lungs and lung lavage fluid were collected, and flow cytometry was performed to examine the infiltration of lymphocytes in response to P. carinii infection. Exogenous IFN-␥ had no effect on the infiltration of the lungs of P. carinii-infected neonates by either CD4 T cells (Fig. 1A ) or CD8 T cells (Fig. 1B) . Similarly, no statistically significant differences were found in the lung burden of P. carinii organisms between the two groups by day 28 (Fig. 1C) . However, there appeared to be a shift in clearance kinetics between the two groups. The IFN-␥-treated group actually had a greater P. carinii burden than the control group at day 19 but by day 28 the burden diverged in opposite directions between the two groups, with the IFN-␥-treated group having fewer P. carinii organisms than the control group. Ultimately, no statistically significant difference in P. carinii clearance was observed between the two groups; furthermore, no mice from either group were able to clear the P. carinii completely by day 28 postinfection.
To determine if the IFN-␥ dosing strategy had an impact on initiating the immune response and P. carinii clearance, this experiment was repeated with a dose escalation. P. cariniiinfected pup mice were divided into four groups. Three groups received IFN-␥ intranasally at 16, 80, or 160 ng/g. The fourth group served as a control and received PBS only. Mice from each group were killed at days 15 and 29 postinfection. Despite increased doses of IFN-␥, no differences in either T-cell or macrophage infiltration of pup P. carinii-infected lungs were observed, compared to the control group (data not shown). Additionally, cytokine production in the BALF of each group was determined by CBA analysis and no statistically significant differences were observed between any of the groups receiving IFN-␥ and the group receiving PBS, suggesting that the resident AMs were not stimulated by the presence of P. carinii plus IFN-␥ (data not shown). Lastly, P. carinii clearance was assessed microscopically by counting the P. carinii nuclei in each group treated with IFN-␥, as well as the control group (Fig. 2) . While the group receiving 16 ng/g had more mice clearing the organism than mice in the control group, the results were highly variable and, as with the previous IFN-␥ experiment, no significant differences were detected. Furthermore, increased doses of IFN-␥ did not improve P. carinii clearance. These data indicate that none of the intranasally administered doses of IFN-␥ tested significantly improved the clearance of P. carinii in pup mice. Furthermore, no dose of IFN-␥ tested was able to stimulate the infiltration or activation of immune cells in the infected lung or increase the production of cytokines in P. carinii-infected pup lungs. LPS increases cytokine production from pup AMs in vitro. We have previously reported that AM activation is delayed in pups, compared to adult mice, in response to P. carinii infection. This finding was based on a delay in the upregulation of activation markers, including CD11b, MHC class II, CD40, and CD80, on nonlymphocytes in the alveolar spaces of P. carinii-infected neonates through 2 weeks postinfection. In contrast, these markers were upregulated on alveolar cells of P. carinii-infected adult mice by day 6 postinfection (6). To determine if pup AMs could be stimulated exogenously to improve their cytokine response, an in vitro model was designed comparing pup AM cytokine production following either P. carinii or LPS stimulation. AMs from uninfected pups and adult mice were isolated and cultured with P. carinii alone, LPS alone, or medium alone. The activation of AMs was assessed by quantifying their cytokine responses at 6, 12, 24, and 48 h poststimulation. At all time points, pup AMs treated with LPS produced significantly more TNF-␣ than did the corresponding cells stimulated with P. carinii (Fig. 3A) . These data suggest that pup AMs are capable of a robust cytokine response when given an adequate stimulus such as LPS. Interestingly, the level of cytokine production from pup AMs following stimulation with LPS reached those produced by adult cells by 12 h poststimulation. In addition, we consistently see that adult AMs tend to produce more TNF-␣ than do pup AMs in response to P. carinii; however, the levels are always considerably lower than when using LPS as a stimulus. This is consistent with our previously published in vivo observations that show that adult AMs become activated sooner after P. carinii infection than do pup AMs (6) .
To reveal potential differences in the production of other cytokines in pup AMs stimulated with LPS or P. carinii, MCP-1, IL-6, IL-12p70, and IL-10 were also analyzed. Unlike the pattern observed with TNF-␣, pup AMs did not produce more MCP-1 following LPS stimulation than following P. carinii stimulation (Fig. 3B) . While pup AMs fail to respond to MCP-1, adult cells maintain a rather robust MCP-1 response to LPS, suggesting that pup AMs specifically fail to produce MCP-1 following LPS stimulation in vitro.
The production of IL-6 closely resembled the pattern observed with TNF-␣ in that LPS stimulated significant IL-6 production in pup AMs compared to the respective P. cariniistimulated cells (Fig. 3C) . At 6 and 12 h poststimulation with P. carinii, the production of IL-6 was so minimal among the pup AMs that it fell below the limit of detection. Thus, LPS is a much stronger stimulus for IL-6 production among pup AMs than is P. carinii, reinforcing the observation that pup AMs are capable of cytokine production, given the appropriate stimulus.
The production of IL-12p70 was found to be no different in LPS-treated cells than that in P. carinii-treated pup and adult AMs (data not shown). Likewise, no differences in the production of IL-10, an antiinflammatory cytokine, occurred following stimulation with LPS or P. carinii in pup or adult AMs. Rather, IL-10 production was constitutively elevated among all AMs, including those that received LPS and P. carinii, as well as the unstimulated control cells (data not shown). These data show that LPS, but not P. carinii, stimulates TNF-␣ and IL-6 in vitro in pup AMs. 
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To evaluate the possibility that neonatal AMs have a delayed cytokine response compared to that of adults, this experiment was repeated with a 72-h stimulation period. The cytokine response at 72 h, however, was similar to that seen at the earlier time points, with adult cells producing more TNF-␣, IL-6, and MCP-1 than pup AMs. The one notable difference observed after 72 h of stimulation, compared to the shorter simulation periods, was that IL-10 production was greater in pup AMs than in adult AMs when the cells were LPS treated (P Ͻ 0.05; data not shown). This observation suggests that with continuous stimulation, pup AMs respond by producing the antiinflammatory cytokine IL-10.
The in vitro and in vivo data described above demonstrate that pup macrophages are capable of a robust cytokine response following stimulation with LPS compared to P. carinii. LPS can even produce pup AM cytokine levels similar to those of adult macrophages treated with LPS, suggesting that pup AMs do not lack the functional capacity to produce strong proinflammatory cytokines such as TNF-␣ and IL-6. These findings begged the question of whether or not differences exist in the expression level of the following three important receptors: dectin-1, a beta-glucan receptor shown to bind beta-glucans found in fungal cell walls and cyst forms of P. carinii (29, 39) ; TLR4, a receptor for LPS binding protein found on LPS (27, 39) ; and TLR2, a receptor for ligands such as zymosan, peptidoglycan, and lipoprotein and more recently thought to be a receptor for the major surface glycoprotein found on P. carinii (17, 30, 33, 37, 39) . To answer this question, the levels of dectin-1, TLR2, and TLR4 expression on pup and adult AMs were determined. As illustrated in Fig. 4 , the expression of dectin-1 and TLR2 was the same on pup and adult AMs isolated from uninfected mice (Fig. 4A to D) . These data suggest that the difference in production of TNF-␣ between P. cariniistimulated pup and adult macrophages is not due to differences in specific pattern recognition receptor expression. Small differences were detected in TLR4 expression between pup and adult AMs (Fig. 4E to F) , which may account for the reduced cytokine production observed in pup versus adult AMs stimulated with LPS. However, the TLR4 receptors present were clearly functional since LPS induced significant TNF-␣ and IL-6 in AMs from pups, albeit at lower levels than in those from adults.
As described above, both pup and adult AMs were shown to be relatively less responsive to P. carinii than to LPS. However, as shown in Fig. 3A , adult macrophages stimulated with P. carinii produced TNF-␣ above the baseline whereas pup cells did not. We next asked the question of whether pup AMs have a global unresponsiveness to other fungal ligands. To investigate this question, an in vitro experiment was performed comparing the responses of pup and adult AMs to the Saccharomyces cerevisiae cell wall polysaccharide zymosan. This yeast cell wall preparation is known to express substrates for several pattern recognition receptors present on AMs, including betaglucan and mannose receptors, as well as TLR2 and TLR6 ligands (3, 8) .
After 12 and 24 h of stimulation with zymosan, pup AMs produced significantly more TNF-␣ than did the respective P. carinii-stimulated and control cells (Fig. 5A) , suggesting that pup AMs, like adult AMs, have functional beta-glucan receptors and TLR2. Interestingly, pup AMs stimulated with zymosan also produced significantly more TNF-␣ than their adult counterparts after 12 h of stimulation. Consistent with the results shown in Fig. 3 , stimulation of the AMs with P. carinii failed to induce the production of TNF-␣ in pup AMs after 12 and 24 h of stimulation. Although both P. carinii cysts and zymosan are known to contain beta-1,3-glucans (13, 37) , only zymosan stimulates an increase in pup AM cytokine production, suggesting that other zymosan ligands may be binding and activating pup AMs to produce cytokines.
Production of the other proinflammatory cytokines tested, IL-6 and MCP-1, was significantly increased in both pup and adult AMs secondary to stimulation with zymosan ( Fig. 5B and  C) . The levels of IL-6 and MCP-1 following P. carinii stimulation in pup AMs were minimal or undetectable compared to those measured after zymosan stimulation, further suggesting that AMs are specifically less responsive to P. carinii organisms. Interestingly, IL-10, an inhibitory cytokine, was significantly increased in pup AMs, compared to adult AMs, following 12 and 24 h of stimulation with zymosan, but not after stimulation with P. carinii (Fig. 5D ). These data indicate that pup AMs respond differently than adult AMs to fungal antigens; however, pup AMs are capable of producing significant amounts of proinflammatory cytokines when stimulated appropriately. Overall, P. carinii is a significantly weaker stimulus than either zymosan or LPS. This may be because we used the same mixture of P. carinii life forms for stimulation as are found in the lungs, only about 10% of which are cysts that have ␤-glucans in their cell walls. Aerosolized HKEC improves Pneumocystis clearance in pup mice. The resolution of P. carinii in immunocompetent adult mice is associated with upregulation of the proinflammatory cytokines IFN-␥ and TNF-␣ (10, 22). Since our in vitro studies demonstrated that LPS, but not P. carinii, stimulates pup AMs to produce significant levels of TNF-␣, we wanted to evaluate whether the TNF-␣ produced secondary to LPS administration in vivo would improve P. carinii clearance in pup mice. Reports in the literature further support the hypothesis that exogenously increasing the level of TNF-␣ can improve P. carinii clearance (19) . Harmsen and Chen have reported that treatment of adult thymectomized and CD4-depleted mice with aerosolized HKEC also expedites the clearance of P. carinii (12) . They further showed that pretreatment of the animals with anti-TNF immunoglobulin G minimizes the benefit imparted by the aerosolized HKEC, suggesting that stimulation of TNF-␣ plays a significant role in the clearance of P. carinii from immunocompromised mice (12) . On the basis of this information, we administered aerosolized HKEC or distilled, ionized water to P. carinii-infected pup mice. By day 12 postinfection, a divergence between HKEC-treated and control mice could already be identified (Fig. 6) . By day 21, there was a sharp decline in the P. carinii burden in the HKEC-treated group, and by day 32 postinfection, there was a significant difference in the P. carinii burden in the HKEC-treated group compared to the control group. These data suggest that pup mice, as was found with CD4-depleted adult mice (12) , can clear a P. carinii infection more efficiently when treated with aerosolized HKEC.
Aerosolized HKEC influences the infiltration of immune cells in pup mice. We were able to induce more efficient clearance of P. carinii organisms from the lungs of infected pup mice by the administration of aerosolized HKEC. In order to determine if this improved P. carinii clearance was associated with an increase in cellular lung infiltration, BALFs were collected from mice treated with aerosolized HKEC and control mice treated with aerosolized sterile water. Cell differential counts were performed to determine macrophage, lymphocyte, and neutrophil infiltration of the lungs of both the HKECtreated mice and control mice. Overall, minimal differences were noted, but most importantly, a divergence between the treated and untreated groups was observed among macrophages infiltrating the lung by day 32 postinfection (data not shown). This correlates with the significant decrease in the P.
FIG. 5.
Zymosan stimulated significantly more AM cytokine production than did P. carinii. AMs were isolated from the pooled BALF of adult (A) (Ն8 weeks) and 12-to 14-day-old pup (P) mice and cultured in a 96-well plate with P. carinii (PC), zymosan (Zym), or medium alone (Con). Supernatants were removed at 12 and 24 h poststimulation, and TNF (A), MCP-1 (B), IL-6 (C), and IL-10 (D) were analyzed by CBA analysis and flow cytometry. Data represent three or four wells per group. * , Cytokine production was significantly greater than that of the respective controls; P Ͻ 0.05. 
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carinii burden observed in HKEC-treated mice by day 32 postinfection (Fig. 6 ). Neutrophil numbers appeared to follow HKEC treatment rather than P. carinii infection, as the neutrophil numbers rose early on and declined upon discontinuation of the HKEC treatment by day 21 (data not shown).
For both the HKEC-treated and untreated P. carinii-infected mice, the infiltration of the lung space by lymphocytes, as determined by cell differential counts, sharply increased on day 21 postinfection and rapidly declined by day 32 postinfection (data not shown). The evaluation of lymphocytes, namely, CD4 ϩ T cells, by flow cytometry showed similar results, with a rise in CD4 ϩ T cells by day 21 postinfection and a subsequent drop thereafter (Fig. 7A) . By comparing the timing of CD4 ϩ T-cell infiltration of the lungs and P. carinii clearance, one can see that the increase in CD4 ϩ T cells in the alveolar spaces, as well as the lung tissue, immediately precedes the subsequent decline in the P. carinii burden in the HKEC-treated mice (Fig.  6 and 7A and B) . The infiltration by CD8 ϩ T cells followed the same pattern as that by CD4 ϩ T cells (data not shown). Aerosolized HKEC influences the activation of pup AMs. The activation of pup AMs in response to P. carinii infection is poorly understood. The cell surface markers typically used to define an activated AM in adult mice are not straightforward. We have found that all AMs express CD11c and that CD11b may be a useful marker of activation or infiltration from the periphery on adult and pup macrophages infected with P. carinii (6) . We used flow cytometry to assess the activation status of P. carinii-infected pup AMs treated with aerosolized HKEC compared to those treated with aerosolized vehicle. Several different combinations of surface markers known to be signs of macrophage activation in adults were used. For all experiments involving flow cytometry, the cells were gated on nonlymphocytes by using forward and side scatter. Figure 8 shows the expression of the AM activation markers CD11b, MHC class II, and F4/80 at four time points after P. carinii infection. The P. carinii-infected group receiving HKEC showed an increase in activated AMs, as indicated by a rightward shift in the CD11b cell populations, compared to the infected group receiving aerosolized water only (Fig. 8) . This rightward shift could be seen in the HKEC group as early as day 7 postinfection and persisted through day 21 postinfection. These data correlated well with the decreased P. carinii lung burden beginning at day 21 postinfection, suggesting that the activation of pup AMs by HKEC contributed to the expedited P. carinii clearance seen (Fig. 6B) . The group that was P. carinii infected but received aerosolized water only did not start to increase in CD11b expression until day 21 postinfection, and both groups showed a return to baseline expression levels by day 32 postinfection. Similarly, the group receiving HKEC had increased expression of both MHC class II and F4/80 molecules compared to untreated mice by day 7 postinfection. The difference in expression was most notable at days 14 and 21 postinfection and correlated with P. carinii clearance (Fig. 6B) . Overall, these data suggest that the treatment of P. cariniiinfected mice with HKEC increases the activation of AMs in pup lungs, likely leading to T-cell activation, thereby contributing to the reduced P. carinii lung burden.
AM phagocytosis is less efficient in the absence of lymphocytes. To determine if T lymphocytes are playing a role in the increased AM activation and P. carinii clearance observed in HKEC-treated pups, HKEC-treated SCID and WT pups were compared for the ability to phagocytose DiO-labeled P. carinii organisms. The 6-to 7-day-old BALB/c or SCID mice were treated with aerosolized HKEC (as previously described) on days 4 and 2 prior to infection and once more on the day of P. carinii infection (DiO labeled). On day 1 postinfection, the mice were lavaged. Some cells were reserved for differential counts, and the rest were processed for analysis via flow cytometry to assess the association of P. carinii with AMs. The total number of AMs associated with fluorescent P. carinii organisms was the same in SCID and WT pups (data not shown). However, treatment with HKEC drove more efficient phagocytosis of P. carinii in AMs from treated than from untreated WT pups, as shown by the increased mean fluorescence intensity of DiO (Fig. 9B) . AMs from WT pups were significantly more efficient at phagocytosing P. carinii than were SCID pups, despite the HKEC treatment of both groups ( Fig.  9A and B) . The overall MHC class II expression was similar between the WT and SCID pups, suggesting that the difference in phagocytosis was not likely due to less activation in the SCID pups (data not shown). Although neutrophils are not thought to be important in P. carinii clearance (32), we show that neutrophil infiltration in SCID pups was equal to infiltration in WT pups but they were less capable of phagocytosing P. carinii organisms than were WT pups, despite treatment with HKEC ( Fig. 9C and D) . These data suggest that in the absence of T lymphocytes, HKEC-treated pup AMs are still capable of phagocytosing P. carinii but are less efficient.
Cytokine production was increased secondary to aerosolized HKEC. We have previously reported that cytokines such as TNF-␣ and IFN-␥ appear in the lungs of P. carinii-infected pup mice much later than in the lungs of infected adult mice (10) . We next examined cytokine production in vivo following treatment of P. carinii-infected mice with aerosolized HKEC by CBA analysis. Similar to the results observed in vitro with LPS, neither IL-12p70 nor IL-10 levels were elevated in the HKEC group compared to the control group at any time point follow- ing infection with P. carinii (data not shown). While no statistically significant differences were found between groups in the concentrations of TNF-␣, IFN-␥, or IL-6 found in the BALFs, the group treated with HKEC tended to have greater levels of cytokines than the untreated group (Fig. 10A to C) . Additionally, AMs from the HKEC-treated group did produce significantly more MCP-1 than those from the uninfected group (Fig.  10C) . The production of IL-6 throughout this experiment was interesting in that it appeared to follow the HKEC treatment rather than the P. carinii treatment (Fig. 10D) . At day 21 postinfection, only those groups receiving HKEC had increased production of IL-6, regardless of P. carinii infection. Furthermore, the production of IL-6 was minimal following the day 21 time point, which can likely be explained by the fact that the final HKEC treatment occurred on day 20 postinfection. Overall, these cytokine data reiterate the findings that AM-produced cytokines, particularly TNF-␣, are involved in the expedited clearance of P. carinii observed in the HKEC- treated groups. Although IFN-␥ is not produced by AMs in significant quantities, AMs are known to stimulate IFN-␥-producing cells such as T lymphocytes, which would explain the increase seen herein (Fig. 10B) .
DISCUSSION
We have demonstrated that IFN-␥ alone is not sufficient to expedite clearance of P. carinii organisms in pup mice. We also showed that pup AMs are capable of responding to exogenous stimuli, specifically, LPS and zymosan. Furthermore, we demonstrated that pup mice treated with aerosolized HKEC were able to clear P. carinii infection faster than untreated mice. The goal of this research was to determine if stimulation of pup AMs with exogenous stimuli would improve the activation of these cells and expedite the clearance of P. carinii. In the present studies, we chose IFN-␥ and HKEC because both IFN-␥ and TNF-␣ have been shown to be important cytokines in clearing P. carinii in adult mice (4, 25) . Since direct administration of TNF-␣ can cause detrimental hyperimmune stimulation, we chose to use LPS in vitro and HKEC in vivo, which are known to stimulate the production of TNF-␣ from macrophages. Additionally, we found supportive literature which demonstrated the effective use of aerosolized HKEC in CD4-depleted mice in clearing P. carinii organisms more efficiently (12) .
Intranasal administration of IFN-␥ did not activate pup (1) . The difference between adult and pup AMs in their response to IFN-␥ has not been elucidated but may be partly due to a difference in AM characteristics. In our laboratory, we have shown that in mice infected with P. carinii, adult AMs have a significant increase in the expression of activation markers earlier after infection than pup AMs (6) . This apparent delay in pup AM activation may be attributed to a protective mechanism intrinsic to lung macrophages designed to minimize the inflammatory response in the developing pup lung. We saw some evidence of this in the large IL-10 response to zymosan by pup AMs. Alternatively, the lung environment may contribute to macrophage unresponsiveness. Fernandez has shown that lung epithelial cells constitutively express IL-10, and we have reported that transforming growth factor ␤ mRNA is elevated in neonatal mouse lungs (7, 10) . The data generated herein suggest that IFN-␥ alone is incapable of stimulating pup AMs in regard to cytokine production and the expression of activation markers in vivo. While the administration of IFN-␥ did improve P. carinii clearance to a small degree, it did not significantly affect AM stimulation; thus, we considered other ways to stimulate AM function in our pup mouse model.
Previously published data from our laboratory showed that locally administered TNF-␣ induces the infiltration of pup lungs by T cells, as well as upregulates cytokines and adhesion molecules; however, there was only a trend toward increased P. carinii clearance, with no statistically significant differences (21) . We hypothesized that stronger stimulation of pup AMs would facilitate greater cytokine production and clearance of P. carinii. To validate this hypothesis in pup mice, we first performed some in vitro experiments comparing pup AMs treated with LPS to those treated with P. carinii. LPS is a bacterial cell wall component known to stimulate the production of TNF-␣ through TLR4. The addition of LPS to the cultured pup AMs induced significant cytokine production, as indicated by increases in MCP-1, TNF-␣, and IL-6. Pup cell TNF-␣ and IL-6 production secondary to LPS mimicked that of adult cells over time, with these cytokines increasing rapidly and maintaining high levels through 48 h. TNF-␣ is a potent proinflammatory cytokine produced by AMs, and AMs can subsequently become activated by TNF-␣ in an autocrine fashion. Activation of AMs is important in the clearance of P. carinii, making TNF-␣ a crucial cytokine in the host response to this organism (18) . We have demonstrated that pup AMs, unlike adult AMs, are specifically incapable of producing TNF-␣ in response to P. carinii (Fig. 3A) , thereby suggesting one possible mechanism behind the delayed clearance of P. carinii from pup versus adult lungs.
Importantly, the cytokine levels induced by P. carinii alone in adult cells were still significantly lower than those produced by cells treated with LPS. Overall, this suggests that P. carinii organisms provide an inefficient antigenic stimulus compared to LPS and, together with reduced responsiveness in pup AMs, may contribute to the neonates' inability to clear the organism as efficiently as adults. Our data suggest that while pup AMs are less responsive to P. carinii, they are still capable of mounting a response to other exogenous stimuli, as reflected by their production of cytokines in response to LPS and zymosan.
Moreover, this may explain the delayed infiltration by immune cells of the lungs of pup mice infected with P. carinii. The relative unresponsiveness of pup AMs to P. carinii compared to LPS or zymosan may be due to potential differences in the expression of beta-glucan on P. carinii organisms. P. carinii organisms express beta-glucans in their cell walls in the cyst form of their life cycle but not in their trophic form, thus minimizing their ability to ligate with dectin-1 compared to zymosan. We did not separate cysts from trophic forms of the organisms for our in vitro assays in order to mimic in vivo conditions, and trophic forms normally outnumber cysts by about 10:1. Thus, the encounter of pup or adult AMs with the trophic forms of the organism may yield a much milder response, if any response at all (20) . It has been proposed that TLR2 mediates the AM response to P. carinii in mice (39) and that TLR2 colocalizes with dectin-1 to initiate macrophages' proinflammatory response (38) . We have shown that the expression of TLR2 and that of dectin-1 are present in equal amounts on both pup and adult AMs; however, it is possible that the colocalization of these molecules is impaired on pup cells following stimulation with P. carinii organisms. Additionally, zymosan is a complex yeast extract that is known to ligate TLR2 and dectin-1 but may also ligate many other macrophage receptors as well. Thus, while we know that the levels of TLR2 and dectin-1 on pup and adult AMs are equivalent, it is possible that zymosan provides a stronger stimulus because of either more abundant ligands for dectin-1 and TLR2 or the presence of other ligands that are binding the macrophages that have yet to be described.
We have previously shown that upregulation of TNF-␣ is delayed in pup mice infected with P. carinii compared to that in adult mice (10, 22) . Direct treatment with TNF-␣, however, is problematic as prolonged treatment with exogenous TNF-␣ can be fatal (unpublished observations). We therefore considered other methods to increase TNF-␣ in the lungs of neonates without the harmful side effects of direct exogenous administration of TNF-␣. We chose to use HKEC (which expresses LPS) in our in vivo experiments because it is known to be a strong inducer of TNF-␣ production and because it is a complex antigen that has been shown to have efficacy in adult thymectomized, CD4-depleted P. carinii-infected mice (4, 12). Our goal was to stimulate the production of TNF-␣ indirectly by the administration of aerosolized HKEC to determine if the stimulation of pup AMs through CD14 or TLR4 is more effective at improving P. carinii clearance than P. carinii alone. Our data showed that stimulation of TLR4 by an exogenous antigen resulted in infiltration and activation of macrophages and CD4
ϩ T cells coincident with elevated lung TNF-␣ levels. Moreover, the aerosolized administration of HKEC was capable of increasing TNF-␣, MCP-1, and IL-6 levels in the BALF simultaneous to lymphocyte infiltration, suggesting that the cognate interactions between AMs and CD4 ϩ T cells are critical to mounting a response to P. carinii in both pups and adults. Interestingly, in vitro cytokine studies demonstrated no increase in MCP-1 production from pup macrophages stimu- lated with LPS; however, in vivo studies show a significant increase in MCP-1 production following HKEC treatment. These findings emphasize the importance of the complex interactions found in the lung environment which affect the response to antigenic stimuli. It is possible that cellular interactions within the pup lung environment promote a more fulminant MCP-1 cytokine response, which was lacking in our in vitro experiments, which used isolated AMs only. It is possible that alveolar epithelial cells are responsible for the production of macrophage chemoattractants, including MCP-1. The increased MCP-1 response observed in vivo following treatment with HKEC correlated with the increased infiltration of P. carinii-infected pup mice by macrophages. Harmsen and Chen (12) performed similar experiments with adult mice that were thymectomized and depleted of CD4 ϩ lymphocytes. They discovered that 10 days of HKEC treatment caused a slight reduction in P. carinii nuclei in the lungs of mice and that treatment for 22 days resulted in almost complete eradication of P. carinii organism. Our findings obtained with pup mice treated with HKEC were similar, with a reduction in P. carinii organisms beginning on day 21 postinfection. Unlike the findings obtained with adult mice, however, nearly complete eradication of P. carinii organisms did not occur until day 32 postinfection. Despite treatment with aerosolized HKEC, our study demonstrated that pup mice still showed a delay in the clearance of P. carinii organisms compared to that in the adult, CD4
ϩ lymphocyte-depleted mice treated with HKEC used by Harmsen and Chen. Additionally, Harmsen and Chen demonstrated that large numbers of macrophages, polymorphonuclear leukocytes, and lymphocytes accumulated in the lungs of adult CD4 ϩ lymphocyte-depleted mice (12) . In our study, we demonstrated that while there was some increased infiltration by immune cells of HKEC-treated mice that correlated with P. carinii clearance, the increase was not statistically significant. The ability of HKEC to stimulate the activation of AMs in P. carinii-infected pup mice further supports our hypothesis that pup AMs may be intrinsically functional but are located in an antiinflammatory environment. This renders them less efficient than adult cells in mounting an adequate response to select invading pathogens. The mechanism by which HKEC increases AM activation and P. carinii clearance is not fully understood. However, the similar increase in MHC class II molecules in SCID pups treated with HKEC compared to WT pups, along with the continued ability to phagocytose P. carinii, suggests that AMs are being activated. The less efficient phagocytosis observed in the SCID pups, however, suggests that lymphocytes are contributing to an improved AM response. Since the activation of the AMs is similar in the SCID and WT pups, perhaps the lymphocytes' contribution is in the form of cytokine production. Our in vitro data suggest that the costimulation of both TLR4 and dectin-1 receptors provides a stronger intracellular signal with more cytokine production.
In conclusion, we found that administration of aerosolized HKEC resulted in a statistically significant reduction in P. carinii organisms and increased cytokine concentrations in pup alveolar spaces, along with an upregulation of AM activation markers. In future experiments, we will focus on using immune stimuli that are more clinically relevant, as administration of E. coli is not a realistic clinical option for the treatment of neonatal pulmonary infections. Together, our data suggest that neonatal AMs differ from adults in the ability to respond to different stimuli but that it may be possible to boost lung immune function in the face of life-threatening infection.
